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DRUG-INDUCED HEMOLYTIC ANEMIAS
AND CONGENITAL GALACTOSEMIA*

EXAMPLES OF GENETICALLY DETERMINED DEFECTS IN
ERYTHROCYTE METABOLISM

Paur A. Marks and RutH T. Gross**

pseseseseseseBys discussion of “in-born errors” of erythrocyte metab-

olism is to be limited to a consideration of drug-sensitive

T hemolytic anemias and congenital galactosemia. Recent

studies have established that both of these clinical syn-

mEsesesasesasa dromes are associated with specific erythrocyte enzy-
matic deficiencices.

DruaG-Sexnsitive HeEMOLYTIC ANEMIAS

In 1948, Farle! obscrved the occurrence of hemolytic anemia in
five to ten per cent of American Negro troops who had received
pamaquine in the therapy of malaria. Similar experiences were reported
following the use of primaquine?. These hemolytic episodes were
observed very rarely among American Caucasian troops. Alving and
his co-workers?, studying the mechanism of primaquine-induced hemo-
lytic anemia, observed that the hemolysis is self-limited. The lysis
of red cells is a function of cell age, the older cells being the more sus-
ceptible®. Red cells of sensitive individuals are normal morphologically
and have a normal life span unless challenged by a suitable agent®.
These cells have no detectable abnormal antibodies and no disturbance
cither in osmotic or mechanical fragility®.

Defects in Erythrocyte Metabolisim. The erythrocytes of drug-sensi-
tive subjects do have intrinsic metabolic defects. Figure 1 illustrates cer-
tain of the reactions of erythrocyte metabolism which are affected, either
directly or indirectly, by the biochemical abnormalities in red cells
of these subjects. Erythrocyte glucose utilization involves the phos-
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Fig. I—Schematic representation of certain reactions of erythro-
cyte metabolism which are affected by the defect present in red
cells of subjects with a genetically determined predisposition to
drug-induced hemolytic anemias. Abbreviations employed: G-6-P,
glucose-6-phosphate; 6-P.G., 6-phosphogluconic acid; Ru-5-P, ri-
bulose-5-phosphate; TPN, triphosphopyridine nucleotide; TPNH,
reduced triphosphopyridine nucleotide; GSSH, oxidized glut-
athione; GSH, reduced glutathione.

phorylation of glucose to glucose-6-phosphate which in turn may be
metabolized either via the reactions of anaerobic glycolysis or of the
pentose phosphate pathway®?. The first of the oxidative reactions
of the pentose phosphate pathway results in the conversion of glucose-
6-phosphate to 6-phosphogluconic acid. This reaction is catalyzed by
the enzyme glucose-6-phosphate dehydrogenase, requires as a co-factor,
triphosphopyridine nucleotide (TPN) and generates reduced TPN
(TPNH). 6-Phosphogluconic acid is then oxidized to the five carbon
sugar, ribulose-s-phosphate. In this reaction, another molecule of TPN
is reduced to TPNH and CO, is generated by the oxidation of the
first carbon of glucose. These reactions represent the only pathway in
mature erythrocytes for the production of reduced TPN and for the
oxidation of glucose to CO,* °. Red cells possess the enzyme glutathione
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reductase which catalyzes the conversion of glutathione (GSSG) to
reduced glutathione (GSH). This reaction requires as a co-factor,
TPNH, and results in the generation of TPN?™.

The concentration of reduced glutathione in erythrocytes of drug-
sensitive subjects is gencerally lower than that of normal persons',
though there is considerable overlapping of values'™ **. Beutler™ has
described a “reduced glutathione stability test” which permits the
detection of primaquine-sensitive individuals by an in vitro assay. This
test is based on the finding that following the in witro incubation of
red cells with acetylphenylhydrazine, erythrocytes from drug-sensitive,
but not from normal, subjects show a marked decrease in the con-
centration of reduced glutathione. Carson and his co-workers' demon-
strated that the erythrocytes of drug-sensitive persons are deficient in
the enzyme glucose-6-phosphate dehydrogenase. This finding of defi-
ciency in red cell dehydrogenase was confirmed' '™ and found to be
associated with a reduced capacity of these erythrocytes to oxidize
glucose to COs, as well as a lowered rate of oxygen consumption when
incubated in the presence of methylene blue®. Schrier and his co-
workers reported that these erythrocytes have increased concentrations
of the enzymes, glutathione reductase™ and aldolase™ and of TPN®".

The most marked biochemical deviation from normal in the red cells
from sensitive subjects appears to be the decrease in glucose-6-phos-
phate dehydrogenase. The other alterations in the metabolism of these
erythrocytes could be sccondary to the dehydrogenase deficiency.
Thus, the reduction in glucose-6-phosphate dehydrogenase might be
associated with a decrcased rate of TPNI formation. A deficiency in
TPNH would limit the rate of GSH generation and could account for
the apparent instability of reduced glutathione. Tt has been suggested
that the increase in glutathione reductase activity may represent a
compensatory phenomenon, providing for increased concentrations
of TPN and for more efficient GSH formation'.

Substances Which May Induce Hemolytic Anemias. The elucidation
of these biochemical abnormalities in erythrocytes of drug-sensitive
subjects has not provided an explanation of the mechanism of the
increased hemolysis following the ingestion of various agents. The list
of such agents associated with hemolytic anemia is ever increasing and
now includes nitrofurantoin®!, sulfanilamide®* 2, acctanilid®?, various
vitamin K substitutes*!, phenacetin®?, naphthaline® 23, fava bean'® 17, 27 28
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and isolated cases have been observed associated with the ingestion of
para-amino salicylic acid, isioniazid and salicylic acid®" .
Nitrofurantoin®, certain vitamin K analogues and the naphthaline
metabolites, vy and 8 naphthol*, have been demonstrated in witro to lead
to a decrease in the reduced glutathione concentration but not hemo-
lysis of crythrocytes from drug-sensitive individuals. However, sulfona-
mides and various preparations of the fava bean have not been shown
to have similar in vitro effects®. Alving and his co-workers™ have
reported that administration of 30 mg. primaquine base (twice the daily
therapeutic dose for vivax malaria) causes hemolysis in essentially all
subjects with drug-sensitive erythrocytes. It should be emphasized,
however, that subjects with deficient erythrocyte glucose-6-phosphate
dehydrogenase may ingest certain of these agents without any apparent
ill effects® *. In addition, patients who are unaffected by fava bean
ingestion  developed hemolytic anemia associated with  sulfonamide
administration®*. The occurrence of increased hemolysis may in part
be related to the dose of the potentially offending agent. In addition,
different mechanisms may be involved in the hemolytic anemias induced
by the different agents. It may be speculated that erythrocytes deficient
in TPNH generation may be particularly susceptible to hemolysis
because of reduced capacity to detoxify drug products or because of
deficient synthetic processes, such as membrane lipid synthesis“’ T
Effect of Age on Erythrocyte Enzyme Activity. It is possible that
some insight has been gained into a curious clinical aspect of the drug-
induced hemolytic anemias, namely, their tendency to be self-limited
and a function of cell age. It has been demonstrated in observations
on normal subjects, that glucosc-6-phosphate dehydrogenase activity
is high in young erythrocytes and decreases markedly with the i vivo
aging of these cells™. Studies in subjects with erythrocyte glucose-6-
phosphate dehydrogenase deficiency have revecaled that the level of
this enzyme is higher in young, compared with old red cells*?. The
enzyme has been assayed in red cells of control subjects and persons
whose crythrocytes had intermediate (2.5 to 4 standard deviations
below the mean value for the control group) and low (less than 4
standard deviations below the mean for the control group) glucose-6-
phosphate dehydrogenase activities. The whole erythrocyte population
was separated into fractions of relatively young and old mean cell age
by a method of serial osmotic hemolysis*™. In subjects whose whole
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RELATION OF G-6-PD. ACTIVITY
TO ERYTHROCYTE AGE

in subjects with normal and deficient enzymes.
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Fig. 2—The effect of age on the glucose-6-phosphate dehydro-
genase activity of erythrocytes from subjects with normal, inter-
mediate and low levels of dehydrogenase in the whole erythrocyte
population. The mean level of enzyme for normal whole erythro-
cvte population is taken as equal to 100 per cent. The mean value
plus and minus one standard deviation are represented for the
whole erythrocyte population and voungest and oldest cell frac-
tions for each of the three groups of subjects studied. The per
cent activity is expressed as a per cent of the mean value for the
normal whole erythrocyte population (A of fraction/ A normal
W.E.P. mean). The methods employed to obtain these data are
indicated in the text.

erythrocyte population was deficient in glucose-6-phosphate dehydro-
genase, the level of this enzyme in young red cells, though not equal
to normal levels, was distinctly higher than in old cells (Figure 2). No
evidence was obtained for an inhibitor of glucose-6-phosphate dehy-
drogenase in hemolysates of erythrocytes deficient in this enzyme upon
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Tasie 1
INCIDENCE OF ERYTHROCYTE GLUCOSE-6-PHOSPHATE DEHYDRO-
GENASE DEFICIENCY IN A RANDOM POPULATION AND
AMONG RELATIVES OF PROPOSITI

Random Population Nubjects tested T afected
Total 666 7.3
Negroes 361 13.0
Caucasian 305 0.7

Family Studies

Relatives of 31 propositi 154 10.0

incubation with hemolysates prepared from cells of normal subjects
or with purified glucose-6-phosphate dehydrogenase'™ **. Thus, drug-
induced hemolysis may cease when the older cells, deficient in dehydro-
genase, have been destroyed. The remaining red cell population would
be composed of young cells with higher levels of this enzyme and
presumably relatively resistant to hemolysis. This hypothesis remains
to be proved. It has been observed that following a drug-induced hemo-
lytic episode, there is a rise in the level of erythrocyte glucose-6-phos-
phate dehydrogenase coincident with a reticulocytosis® ** #*. Such
clevations in enzyme level have persisted for 40-80 days following the
return of the reticulocyte count to within normal levels. Kimbro and
co-workers®' reported that readministration of nitrofurantoin at 35
and 75 days after the first course induced further hemolysis. However,
Flanagan and associates™ observed that in a single subject, given 30
milligrams of primaquine continuously for one year, no further detec-
able hemolysis occurred despite return of glucose-6-phosphate dehy-
drogenase to the pre-therapy low levels.

Genetic Studies. It is apparent that the identification of glucose-6-
phosphate dehydrogenase deficiency and lowered concentrations of
reduced glutathione as important defects in erythrocytes of drug-
sensitive subjects has not as vet provided an explanation for the mech-
anism of their increased susceptibility to hemolysis. Nevertheless, they
have provided important tools for studying the incidence and heredi-
tary aspects of this “crror” in erythrocyte metabolism.

In addition to the relatively high incidence of this defect among
American Negroes™ ', it has been reported in Sephardic Jews®,
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Taner 11

SEX DISTRIBUTION OF SUBJECTS WITH GLUCOSE-6-PHOSPHATE
DEHYDROGENASE DEFICIENT RED CELLS!

Middle* Low?®
Males 8 62
Females 48 3
Notes

1. This table includes subjects found to have eryvthrocytes deficient in glucose-6-
phosphate dehydrogenase in the random population study and among relatives of
propositi.

2. Middle refers to erythrocyte glucose-6-phosphate dehydrogenase activity between
2.5 and 4 standard deviations below the mean for the control group.

3. Low refers to erythrocyte glucose-6-phosphate dehydrogenase activity more than 4
standard deviations below the mean for the control group.

Italians®™ ** primarily of Sicilian and Sardinian descent and subjects of
Greek descent'™ ', In a random population of 666 subjects studied in
the San Francisco and New York City areas, the observed incidence
of erythrocyte glucose-6-phosphate dehydrogenase deficiency was 0.7
per cent among the Caucasians and 13.0 per cent among the Negroes
(Table I). These findings are in general agreement with those of several
other workers employing either the enzyme assay or the “glutathione
stability test”!® * 3% The bimodal distribution of this defect in a
random population study suggests that the trait is genetically deter-
mined. An hereditary determination of this trait is strongly indicated
by the finding of an incidence of 40 per cent among 154 relatives of
31 propositi (Table T). A similar incidence of affected relatives of
drug-sensitive subjects was reported by Childs and co-workers* in
the Baltimore area and by Szeinberg and Sheba*” among Oriental Jews.
Observations by several investigators are compatible with the trait
being inherited as a sex-linked gene of intermediate dominance™: 2 %6,
In families where the mother presented the abnormality, it was passed
on to both the male and the female child, whereas affected fathers
transmitted the defect only to daughters. Without exception, in 26
families studied to date, we have observed no incidence of a male with
a low red cell dehydrogenase being born to a female with a normal
level. Among parents of affected subjects there is a striking prepon-
derance of mothers, 25 out of 29. These findings suggest that the trait
is transmitted by a gene linked to the female sex chromosome.
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Tapre IM1I

DISTRIBUTION OF ERYTHROCYTE GLUCOSE-6-PHOSPHATE DEHYDRO-
GENASE ACTIVITY AMONG A RANDOM POPULATION OF NEGROES

Normalt Middle? Low?
Male? 177 0 17
Female 181 28 2
Notes

1. Erythrocyte glucose-6-phosphate dehydrogenase activity among normals was found
to be 15.9 *+ 2.4 change in optical density units per gram of hemoglobin®.

See notes 1 and 2, Table 11.

Calculation of gene frequency®:

Assuming the trait is sex-linked, the genotype frequency (q) in the male popula-
tion will be equal to the gene frequency. The frequency of the trait among female
heterozygotes (2 pq) can be calculated from the observed incidence of the male
hemizygote (q = .0971) in the male population (p = 1-q = .9029). This yields a
calculated value for female heterozygotes (2 pq) in the above population equal to
17.5 per cent. The observed value was 16.3 per cent. The calculated and observed
values are not significantly different (p = >> .05).

w10

Subjects with low erythrocyte glucose-6-phosphate dehydrogenase
may be divided into two groups on the basis of the severity of the
enzymatic deficiency. Subjects with intermediate levels of enzyme (2.5
to 4 standard deviations below the mean for the control group) are
predominantly affected females, whereas persons with low levels of
enzyme (more than 4 standard deviations below the mean for the
control group) are almost entirely males (Table II). It has been sug-
gested®® that the low and intermediate enzyme levels represent the
homozygous and heterozygous states, respectively. However, we have
observed in one family a mother with a very low level of glucose-6-
phosphate dehydrogenase who gave birth to four normal sons. There
are alternative explanations for the sex distribution of affected subjects.
These include 1) that the phenotypic expression is modified in the
female or 2) that we are dealing with a characteristic determined by
more than a single genetic defect, i.c., a genetically heterogenous trait.

The frequency of the trait among heterozygous females may be
predicted from calculations based on the incidence of male hemizygotes
in a population®. In this calculation, the assumption is made that the
trait is sex-linked. In a sex-linked trait, the genotype frequency among
males will equal the gene frequency. Such a calculation (Table III,
Note 3) indicates that there is excellent agreement between the pre-
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Tasre 1V

GLUCOSE-6-PHOSPHATE DEHYDROGENASE ACTIVITY IN LEUKOCYTES
(WBC) AND RED CELLS (RBC) OF CONTROIL SUBJECTS AND
PERSONS WITH A DEFICIENCY OF THIS ENZYME IN
THEIR CIRCULATING ERYTHROCYTES

Subjects Number "W nc* RBC
Control 31 373 £ 5.8 0.49 £ 0.11
Deficient Red Cell G-6-P.D.** 14 36.8 = 1.8 0.07 = 0.01
Notes

*The unit of enzyme activity is expressed as the change in optical density per minute
per 10° cells (A OD/min/10° cells). The mean values plus or minus one standard
deviation are given in this table.

**G-6-P.D. is glucose-6-phosphate dehydrogenase. All subjects included in this group
had erythrocyvte glucose-6-phosphate dehydrogenase levels below three standard
deviations of the mean for the control group.

dicted and actually observed incidence of low enzyme levels among
females. This finding suggests that the enzyme assay provides a rela-
tively accurate tool for the detection of the heterozygous state and,
hence, the potential carrier of this defect.

The enzyme assay also affords a ready means of screening subjects
for an increased susceptibility to drug-induced hemolytic anemias.
Pertinent to the use of such an in vitro screening test are the observa-
tions of Alving and his co-workers' that the “reduced glutathione
stability test” does not accurately reflect susceptibility to increased
hemolysis following primaquine administration. Although we have
found a high degree of correlation between the “glutathione stability
test” and the level of glucose-6-phosphate dehydrogenase in erythro-
cytes, certain subjects were observed whose enzyme activity was de-
creased, yet whose in wvitro glutathione stability test was within normal
levels'®. Further evaluation of erythrocyte glucose-6-phosphate dehy-
drogenase activity as an index of susceptibility to increased hemolysis
must await studies correlating in vitro assays of red cell glucose-6-
phosphate dehydrogenase with drug-induced hemolytic episodes.

Enzyme Activity in Tissues of Subjects with Glucose-6-Phosphate
Debydrogenase Deficient Erythrocytes. Glucose-6-phosphate dehydro-
genase has been assayed in leukocytes of subjects whose erythrocytes
are deficient in this enzyme*. The level of dchydrogenase in the
leukocytes from these subjects did not differ from that in the white
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cells of normal subjects (Table IV). In addition, a subject whose
erythrocyte glucose-6-phosphate dehydrogenase was markedly defi-
cient was not found to have a similar decrease in his liver enzyme
activity. These findings are relevant to the question of the relationship
between the genetic defect and the phenotypic expression which is
measured as the level of glucose-6-phosphate dehydrogenase. If a
suppression in the synthesis of this enzyme was the direct effect of the
abnormal gene, all tissues of the affected subject would be expected
to exhibit a similar enzyme deficiency. Accordingly, these data suggest
that erythrocyte glucose-6-phosphate dehydrogenase is not a primary,
but rather is a more remote consequence of the presence of a genetic
defect.

Summary of Current Concepts of “Drug-Induced” Hemolytic

Anemias:

1. Drug-induced hemolytic anemias are associated with certain
intrinsic defects of erythrocyte metabolism, chief among which
may be a deficiency in glucose-6-phosphate dehydrogenase.

2. Detection of susceptible individuals, as well as genetic carriers,
is possible by assay in wvitro of glucose-6-phosphate dehydro-
genase levels in red cells and perhaps, with a lesser degree of
accuracy, erythrocyte reduced glutathione stability.

3. The defect in erythrocyte metabolism seems to be determined
genetically and may be transmitted as a sex-linked trait of inter-
mediate dominance. The nature of the primary effect of the
abnormal gene is unknown.

4. The mechanism of the hemolytic anemia remains to be elucidated.

CoNGENITAL GALACTOSEMIA

The genetically determined defect in the metabolism of the erythro-
cytes of subjects with galactosemia reflects an enzymatic deficiency, the
consequences of which are not restricted to the erythrocyte, as may be
the case for the defect in the drug-sensitive hemolytic anemias. Galac-
tosemia is a congenital and hereditary disorder, characterized by diffi-
culty in the metabolism of ingested galactose or milk. Ingestion of
galactose by these patients is associated with the development of im-
paired function of the liver and spleen, of cataract formation, and of
mental retardation*!. The laboratory usually reveals marked galac-
tosuria and an abnormal galactose tolerance test. As the disease pro-
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gresses, hepatic insufficiency and evidence of renal functional impair-
ment are frequent complications. The elimination of galactose from the
diet may lead to improvement and even disappearance of symptoms.

Galactose Metabolism. The metabolism of galactose involves the fol-
lowing series of reactions** *:

1) galactose + ATP galactokinase galactose—1—phosphatc + ADP.

—_—

galactose-1-phosphate

2) galactosc-1-phosphate + UDPG ' >
urydil transferase

UDPGal + glucose-1-phosphate.

3) UDPGal epimerase UDPG.
—_—

Galactose is phosphorylated to form galactose-1-phosphate in a reaction
catalyzed by an enzyme called galactokinase and requiring, as a source
of high energy phosphate, ATP. In reaction 2, galactose-1-phosphate
is converted to glucose-1-phosphate. This reaction involves, as a co-
factor, UDPG. The resulting glucose-1-phosphate is not derived di-
rectly from galactose-1-phosphate. The glucose-1-phosphate is formed
from UDPG and galactose-1-phosphate becomes attached to the nucleo-
tide resulting in UDPGal. The enzyme catalyzing this reaction is
referred to as galactose-1-phosphate urydil transferase. In reaction 3,
UDPGal may be directly converted to UDPG. The only structural
difference between the two hexoses, galactose and glucose, is in the
orientation of the hydrogen and hydroxyl groups about the fourth
carbon atom. The mechanism of reaction 3 is believed to involve the
removal of two hydrogen atoms from the fourth carbon atom of the
hexose, presumably forming a ketone derivative. These two hydrogen
atoms may then be returned to the hexose with the formaton of the
opposite compound or epimere, UDPG, when the starting compound
is UDPGal. The enzyme catalyzing this reaction is called epimerasc.
The net result of this serics of reactions is to permit the entrance of
galactosc into the general carbohydrate metabolism by converting it
to glucose-1-phosphate and providing for the regencration of the neces-
sary co-factor, UDPG.

Enzyme Defect in Galactosemia. In 1956 Schwarz and his co-
workers* reported that feeding of galactose or milk to infants with

* .\M)reyi:uionf _cmplf)ycd: ATP, adenosine triphosphate;  UDPG. uridine diphosphate  glucose;
UDPGal, uridine diphosphate galactose; UTP. uridine triphosphate,
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Tasre V
ENZYME ACTIVITY IN ERYTHROCYTES OF SUBJECTS WITH
CONGENITAL GALACTOSEMIA®"

u Moles /ml/hr.

Galactosemia

Enzyme Normal (12 cases)
Galactokinase 0.12 0.10
Galactose-1-Phosphate Urydil Transferase 0.75 0.00
Kpimerase 0.32 0.10

congenital galactosemia was associated with the accumulation of galac-
tose-1-phosphate in their red cells. Such an accumulation did not occur
in erythrocytes of normal subjects. These observations were confirmed
and extended by Kalckar, Anderson and Isselbacher** who demon-
strated that erythrocytes from galactosemic subjects incubated in vitro
with galactose accumulated galactose-1-phosphate while red cells from
normal subjects did not. These investigators suggested that the defect
in galactosemia might reside in the enzyme catalyzing reaction 2,
urydil transferase. A deficiency of this enzyme could account for the
accumulation of galactose-1-phosphate following administration of
galactose.

Employing specific assays for the three enzymes catalyzing reactions
1 through 3, it was demonstrated that only the enzyme, galactose-1-
phosphate urydil transferase, was deficient in erythrocytes from galac-
tosemic subjects compared to those of normal controls (Table V)*.

Identification of this specific enzymatic defect in erythrocytes of
galactosemic subjects provides a specific and relatively casy diagnostic
test for this condition. The enzymatic assay avoids any hazard involved
in the galactose tolerance test. In addition, it can be done at birth, on
a small amount of blood.

Genetic Studies. Unlike the findings in subjects with erythrocyte
glucose-6-phosphate dehydrogenase deficiency, two persons with con-
genital galactosemia have been demonstrated to lack the transferase in
liver tissue in addition to red cells'™. Thus, the present data are com-
patible with galactosemia being due to a hereditary defect in which the
primary action of the gene may be a suppression of synthesis of galac-
tose-1-phosphate urydil transferase.
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The frequent occurrence of galactosemia among sibs and offspring
of consanguineous matings together with its equal distribution in both
sexes has suggested that galactosemia is probably transmitted as a single
autosomal recessive gene. The disease is presumably clinically apparent
only in the homozygous state. It would be expected that if galactosemia
were inherited as a recessive gene, both parents should be heterozygous
and although clinically asymptomatic might give evidence of a defi-
ciency in galactose-1-phosphate urydil transferase. On the basis of both
galactose tolerance tests*® and assays for the enzyme' ™, it would
appear that some parents of galactosemic children have a detectable
impairment in galactose metabolism and others do not. This failure to
detect impairment among some subjects who are presumably heterozy-
gous for the galactosemic defect may merely reflect a degree of varia-
tion in the level of enzyme with a distribution curve among heterozy-
gotes that overlaps, on the high side, that of normal subjccts. It has
aiso been suggested*” that these findings might be due to the presence
of a suppressor gene or the fact that more than one genetic defect may
cause the clinical picture of congenital galactosemia,

Mechanism of Symptomatology and Improvement with Age. The
demonstration of a deficiency in galactose-1-phosphate urydil trans-
ferase in patients with congenital galactosemia neither explains the
mechanism of the varied symptomatology of this discase, nor the curi-
ous clinical observation that patients with congenital galactosemia gen-
erally improve with age. This improvement is associated with an
increased ability to metabolize galactose, as reflected in an improvement
in their galactose tolerance test™.

Studies in animals suggest that the accumulation of galactose-1-
phosphate may be toxic and lead to abnormal neurological manifes-
tations™, In addition, there is evidence to indicate that the accumulation
of galactose-1-phosphate may interfere with glucose utilization and
lead to metabolic derangements which may have relevance to the
cause of the clinical symptoms. Thus, galactose-1-phosphate has been
found to inhibit in witro, the enzymes, phosphoglucomutase™ # and
glucose-6-phosphatase®. It also has been found that mutants of Ischer-
ichia coli which accumulate galactose-1-phosphate due to lack of galac-
tose-1-phosphate urydil transferase show retardation of growth in the
presence of galactose plus glucose compared to their growth in the
presence of glucose without galactose™.
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The improved galactose metabolism in patients associated with in-
creased age, may be explained on the basis of the recent demonstration
by Isselbacher™ that there 1s an additional pathway of galactose metabo-
lism which permits the incorporation of galactose into uridine diphos-
phate galactose and, in turn, to form glucose derivatives. This pathway
involves the direct conversion of galactose-1-phosphate to uridine
diphosphate galactose by reaction with the nucleotide, uridine tri-
phosphate:

UTP + galactose-1-phosphate UDPGal pyrophosphorylase

UDPGal + pyrophosphate. -

It has also been found® that UDPGal pyrophosphorylase is very low
in fetal and neonatal tissucs compared with adult tissues. Further, in
normal tissuc the activity of this enzyme is only about one-sixth of
that of the galactose-1-phosphate urydil transferase. Thus, it would
appear that in normal subjects the galactose-1-phosphate urydil trans-
ferase pathway is the one of primary importance. However, in galac-
tosemic patients who appear to lack this enzyme, the observation that
the alternate pathway of galactose metabolism may increase in activity
associated with aging could explain the improvement in symptoms in
galactosemic patients as they grow older.

Summary of Current Concepts of Galactosemia.

1. Galactosemia appears to be a congenital disease associated with
a specific enzymatic defect, galactose-1-phosphate urydil trans-
ferase deficiency.

2. The identification of this specific enzyme defect in erythrocytes
provides a simple diagnostic tool for the detection of this syn-
drome.

3. The symptomatology associated with galactosemia may be re-
lated to the accumulation of galactose-1-phosphate in the tissues.

4. The improvement in galactose tolerance test and symptoma-
tology with age may be referable to the development and utili-
zation of an alternate pathway of galactose metabolism.

Drug-induced hemolytic anemia and congenital galactosemia are

only two cxamples of genetically determined defects in metabolism
which are reflected in biochemical alterations in the readily accessible
erythrocyte. Undoubtedly, this is a fertile field for further investigations
in the area of “in-born” errors of metabolism.
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